The linear theory of thin elastic shells has received attention by numerous authors who have employed a variety of approximations in their work. Inasmuch as there is no difficulty in obtaining the stress differential equations of equilibrium and expressions for the components of strain, consistent with the assumptions for displacements, the works of these authors differ from one another essentially in the formulation of appropriate stress strain relations. With a few exceptions, the approximations introduced have been within the framework of the classical shell theory where, in addition to the smallness of (a) the thickness h in comparison with the least radius of curvature of the middle surface R, i.e., h/R « 1, (b) strains and displacements so that the quantities of second and higher order terms are neglected in comparison with the first order terms, it is also assumed that (c) the component of stress normal to the middle surface is small compared with other components of stress and it may, therefore, be neglected in the stress strain relations, and (d) plane cross sections normal to the undeformed middle surface remain normal to the deformed middle surface and suffer no extension. The last assumption implies neglect of the transverse shear deformation.
with f, specify the position of a point in space. The square of linear element of this triply orthogonal coordinate system may be shown to be rfs2 = ^2 + d?, (2.1) where R, and R2 are the principal radii of curvature of the middle surface. We note here for future reference the formulas d_ d{:
_d di W1 + r)] = {1+r) ft ; K1 + r)] = (1 + r)j£ (2.2) which may be deduced from the well-known Mainardi-Codazzi relations.
The displacement vector U of a point in space will be conveniently written as U = U, t» + U2t2 + Wn (2.3) and the six components of strain in the curvilinear coordinate system , £2 , f, with the aid of (2.2), (see Ref. [5] , p. 51), are:
£» -H1+rJ J fe+* %+012 rJ' The normal components of stress will be denoted by <r,, <r2, and ac, while the shearing stresses will be designated by t12 , rlf and r2f. The stress resultants Nt ,N2, N12 and N2l ; the stress couples Ml , M2, M12 and M21 ; and the shear resultants F, and V2 are defind in the conventional manner by the expressions of the type:
and these are related to the stress resultant and stress couple vectors by
Before obtaining the appropriate stress strain relations, it is necessary to introduce approximations for the displacements and stresses. For this purpose, we assume for the displacements the form Ui = «! + f|8i , U2 = u2 + , W = w + £w' + ifV', (2.7)
where Ui , u2 , and w are the components of displacements at the middle surface; (3t and ft are the changes of slope of the normal to the middle surface; and w' and w" are the contributions to the transverse normal strain. Introduction of (2.7) into (2.4) leads to the following expressions for the components of strain:
(1+i)ti = £" + fx, + IfJir' (1 a. XV, _ 0 , ifdu/ , fdu^l 
where the functions S and T are as yet undetermined; q+ and q~, p\ and p7, and p*2 and p\ are, respectively, the values <rt , , and r2f at the top and bottom surfaces of the shell (f = ±/i/2); H+, H~, etc. denote
and the coefficient c is introduced on the right-hand side of a{ for the purpose of distinguishing between the contributions of transverse shear deformation and normal stress; otherwise, it should be regarded as unity. It may be mentioned that the inclusion of w' and w" in W is closely associated with the functions S and T, respectively. In fact, as will be seen later, if in <rt , S and T are set equal to zero, this will be consistent with approximating W ~ w. By (2.5) and with the aid of r12 given in (2.9), the expressions for N2l and M2l may be written as £::} -[t*+^ 4K1+iHrX1+£) <«■ <-» and the truth of the identity^ (2.12) ill 1I2
can be directly verified from the expressions for the stress resultants and the stress couples in (2.5).
Since h/R is assumed to be small in comparison with unity, in what follows only terms up to and including f will be retained in the expansion of (1 + $/R)"-In particular, use will be made of the approximate expressions of the type 3 . Derivation of stress strain relations.
In order to derive an approximate system of stress strain relations consistent with (2.7) and (2.9), use will be made of a variational theorem due to E. Reissner [4] , Although we seek only the stress strain relations, the Euler equations of the variational theorem yield the stress differential equations of equilibrium as well as the required stress strain relations.
The variational equation may be written as of the surface where the surface loads p\ , p 2, q+, etc. are prescribed, and U\ , U\ , etc. designate £/i(£i , £2 , h/2) and , -h/2) respectively. In the last integral in (3.1a) which represents the energy associated with the edge stresses, the subscripts n and t refer to the normal and tangential directions on the boundary faces. The stress resultants and the stress couples Nn , Nn, , V" , M" , and Mnt due to the edge stresses, are defined similar to those in (2.5); in addition, we note that Q" = j-8 Tnf (i + r/flor2#. form of (2.11).
As the contents of every bracket of the surface integral in (3.4) must vanish, the first five of the resulting equations are the stress differential equations of equilibrium for a thin shell. The coefficients of 8w' and 8w" are also contributions to equilibrium, while the remaining ten equations are the approximate stress strain relations containing the effects of both transverse normal stress and shear deformation, as well as appropriate expressions for the functions S and T. These functions, together with w' and w", given by the last four brackets in the surface integral, when simplified read: It is evident that the independent vanishing of each term of the line integral in (3.4) furnishes the required boundary conditions along each edge of the shell; these are either the stress or displacement boundary conditions. For example, we have for the first term of the line integral either un = f/"(£n , £, , 0) prescribed, or Nn = N* , both along £" = constant. It is noteworthy that, in view of the assumed form of the dis-[Vol. XIV, No. 4 placements (2.7) and the stresses (2.9), the derived boundary conditions represent some simplification compared with those given in Ref. [1] .
If the effect of normal stress is neglected and only that of transverse shear deformation is retained, the approximate stress strain relations simplify somewhat. This is achieved by putting equal to zero the coefficient c in the stress strain relations and is consistent with the approximation W -w in (2.7). Neglecting second order corrections in h/R in comparison with first order corrections, then, following a lengthy algebraic manipulation and using Cramer's rule, the resulting stress strain relations which satisfy the identity The expressions for iVI2 , N2l , M12 , and M21 remain unaltered, as given by (3.6).
It may be noted that, except for the shear resultants V1 and V2 and their effects on Kj and k2 , the stress strain relations (3.7) are similar in form to those commonly known as Love's second approximation. Equations (3.6), on the other hand, appear to contain the necessary corrections (due to the effect of transverse shear deformation) to Love's first approximation.
4. Note on the effect of rotatory inertia. In the classical treatment of vibration of elastic shells and plates, in addition to the effect of normal stress and transverse shear deformation, the effect of rotatory inertia is also neglected. To include the latter in the results of the preceding section, the volume integral in (3.1a) should be modified in that the negative of kinetic energy 2P m+m+m (4.1) where p is the mass density and t denotes time, should be added to the integrand. Consequently, the surface integral in (3.4) is modified as follows:
To each of the five coefficients of 5ui , Su2, Sw , S(3l , and 5/32, in the surface integral (3.4), should be added the following expressions, respectively: dui : -ph 
